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Abstract
Purpose: Our purpose was to assess the clinical outcomes and target positioning accuracy of frameless linear accelerator single-
isocenter multiple-target (SIMT) dynamic conformal arc (DCA) stereotactic radiosurgery (SRS) for multiple brain metastases (BM).
Methods and Materials: Between October 2016 and September 2018, 31 consecutive patients �18 years old with 204 BM <3 cm in
maximum size receiving SIMT DCA SRS were retrospectively evaluated. All plans were created using a dedicated automated treatment
planning software (Brainlab, Munich, Germany), and treatments were performed with a Truebeam STx or a Novalis Tx (Brainlab and
Varian Medical Systems, CA). The accuracy of setup and interfraction patient repositioning was assessed by Brainlab ExacTrac
radiograph 6-dimensional image system and the risk of compromised target dose coverage evaluated. Brain control and overall survival
were estimated by Kaplan-Meier method calculated from the time of SRS.
Results: Fourteen patients were treated for 4 to 6 and 17 patients for 7 to 10 BM. The mean gross tumor volume (GTV) was 0.65 cm3

and the mean planning target volume (PTV) was 0.89 cm3. Mean V95 (the volume of the PTV covered by 95% of the prescription dose)
and D95 (the prescription dose covering 95% of the PTV) were 99.5% and 21.1 Gy, respectively. With a median clinical follow-up of 11
months (range, 4-26 months), the 1-year survival was 68% and local control was 89%. As a consequence of plan isocenter residual
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errors, a loss of target coverage, defined as V95 < 95%, occurred in 28 PTVs (10 patients); using a 1 mm GTV-to-PTV margin,
adequate dose coverage was maintained for all lesions.
Conclusions: SIMT DCA SRS represents a fast and effective approach for patients with up to 10 BM. The dosimetric effects of residual
set-up and intrafraction positioning errors are modest, although a GTV-to-PTV margin of 1 mm is recommended.
� 2020 The Author(s). Published by Elsevier Inc. on behalf of American Society for Radiation Oncology. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

The clinical management of patients with brain me-
tastases (BM) has changed substantially in the last few
years, with a shift away from whole brain radiation
therapy (WBRT) to stereotactic radiosurgery (SRS).
Based on randomized studies, SRS has become the rec-
ommended treatment for patients with 1 to 4 BM, yielding
an equivalent survival but a lower risk of long-term
neurocognitive decline compared with SRS plus
WBRT.1,2 Notably, similar survival and preservation of
neurocognitive function has been demonstrated in patients
receiving SRS for more than 5 BM.3-5

When treating multiple BM with frameless linear
accelerator-based SRS, typically 1 isocenter is placed at
each lesion, which is treated separately. Highly conformal
radiation doses are usually employed using either dy-
namic conformal arc (DCA) or volumetric modulated arc
therapy (VMAT); however, single-target SRS approaches
may require several sessions and long treatment times,
ranging from about 20 minutes for a single lesion to hours
for 5 to 10 lesions.

More recently, single-isocenter multiple-target (SIMT)
SRS techniques have been used for the simultaneous
treatment of multiple lesions. Using SIMT SRS, all arc
groups share a single isocenter located at the geometric
center of all lesions, and each metastasis is treated by 1
group of volumetric arcs in a single session. Dose de-
livery accuracy and conformality are achieved through the
use of noncoplanar arcs and simultaneous variation of
multileaf collimator leaf positions.6-8 Several studies
demonstrated that SIMT SRS techniques, either DCA or
VMAT, provide excellent plan dosimetry and conformity
consistent with those achieved with single-target SRS,9-13

although data related to patient outcomes and reposi-
tioning accuracy when treating multiple BM are scarce.
The major concern is that rotational and translational
deviations of the plan isocenter, usually chosen as the
geometric center of all target volumes, may result in a
significant compromised target coverage for lesions at
greater distance from the isocenter.14-17 In a series of 50
SIMT VMAT SRS plans for intracranial lesions, Roper
et al14 showed no significant loss of target volume
coverage when a plan isocenter rotational error of 0.5�

was simulated, although rotational errors up to 2� resulted
in significant loss of target coverage in more than one-
third of cases, especially in smaller targets distant from
the isocenter. Similar results have been reported in a few
other studies assessing the plan quality of single-isocenter
SRS,15-17 suggesting that larger gross tumor volume
(GTV)-to-planning target volume (PTV) margins would
be required with SIMT SRS compared with single-target
SRS.16,17

In the present study, we report our initial clinical
experience in patients treated with SIMT DCA SRS for up
to 10 BM using a dedicated automated treatment planning
software. Clinical outcomes and target positioning accu-
racy have been evaluated. In addition, we assess the risk
of compromised target coverage due to residual isocenter
errors.
Methods and Materials

Between October 2016 and September 2018, 31
consecutive patients �18 years old with 4 to 10 BM <3
cm in maximum size receiving SIMT DCA SRS at
UPMC Hillman Cancer Center San Pietro Hospital,
Rome, and IRCCS Sacro Cuore Don Calabria Hospital,
Negrar, were retrospectively evaluated. Radiographic and
pathologic information was drawn from a prospectively
maintained database of patients with brain tumors treated
at our institution. All lesions were treated with frameless
linear accelerator-based SRS using a commercial stereo-
tactic mask fixation system (Brainlab, Feldkirchen, Ger-
many). The GTV was contoured on postcontrast thin-slice
(0.6-1 mm) gadolinium-enhanced T1-weighted axial
magnetic resonance imaging (MRI) sequences fused to
the treatment planning computed tomography (CT),
which was acquired at 0.625 mm slice spacing. To
compensate for uncertainties, the PTV was generated by
the geometric expansion of GTV plus 1 (n Z 176) or 2
(n Z 28) mm.

After treatment, all patients were clinically examined
every 2 months. At each visit, the neurologic status and
the severity of complications were rated according to the
National Cancer Institute Common Toxicity Criteria for
Adverse Events version 5.18 MRI was performed every 2
months in the first year after treatment and then every 3 to
4 months or as appropriate. Complete and partial re-
sponses were defined according to the Response Assess-
ment in Neuro-Oncology criteria.19

http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1 Example of a treatment plan using single-isocenter multitarget (SIMT) dynamic conformal arc (DCA) stereotactic radio-
surgery (SRS) in a patient with 9 brain lesions. The total volume of brain disease was 2.1 cm3. A gross tumor volume (GTV)-to-
planning target volume (PTV) margin of 1 mm was used, with 22 Gy prescribed to each target in a single session. Treatment was
delivered with 5 dynamic conformal arcs.
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SRS procedure

SIMT DCA SRS plans were created using commercial
software (Brainlab Elements Multiple Brain Mets SRS,
version 1.5). Software specifics have been described in
detail elsewhere.20 In brief, the software automatically
creates an inversely optimized conformal SRS plan to
target multiple BM with a single isocenter using an
enhanced multiple DCA technique, with each arc deliv-
ering dose to a subgroup of targets. No monitor unit or
gantry speed modulation is applied. After selection of an
arc geometry template consisting of 10 noncoplanar DCA
beams at 5 preset couch positions, the isocenter location is
automatically determined as the center of mass of all
target volumes. The start and stop angles of each arc are
first set to default values (10�~170� when couch angle
ranges from 0�~90� and 190�~350� when couch angle
ranges from 270�~360� per International Eectrotechnical
Commission 61217 convention) and then automatically
modified during optimization. Metastases lining up in the
direction of leaf-motion are not treated simultaneously to
restrict normal tissue exposure. An inverse planning
algorithm is used for optimizing beam margins, gantry
span, multileaf collimator angles, and apertures with
respect to target coverage and critical organ sparing, dose
conformity, and monitor unit efficiency.

Prescribed doses were 20 to 22 Gy for lesions <2 cm
and 16 to 18 Gy for those �2 cm in size or in close
proximity to sensitive brain regions, for example, brain
stem or the optic chiasm. Each PTV was usually
encompassed by at least 98% of the prescribed dose while
keeping the maximum dose <120%. Maximum doses to
the brain stem, optic apparatus, and lens were 12, 8, and 2
Gy, respectively.

An example of SIMT DCA SRS treatment in a patient
presenting with 10 BM is shown in Figure 1. The treat-
ment was performed with a TrueBeam STx (Varian
Medical Systems, Paolo Alto, CA) or a Novalis Tx
(Brainlab and Varian Medical Systems) equipped with
120 leaves with a leaf width of 5 mm or 2.5 mm in the
central 8 cm and capable of performing couch adjust-
ments in 6 degrees of freedom.

During each treatment, the accuracy of patient set-up
was assessed with the Brainlab stereoscopic ExacTrac kV



Table 1 Summary of patients' characteristics and treatment
parameters

Parameter No.

Number of patients 31
Median age 60
Sex (F/M) 16/15
Histology
Lung 14
Breast 5
Melanoma 8
Ovary 1
Kidney 3
No. of lesions per patient
4-7 lesions 20
8-10 lesions 11
Tumor location
Frontal 60 (29.4%)
Parietal 42 (20.6%)
Temporal 41 (20%)
Cerebellar 40 (19.7%)
Occipital 21 (10.3%)
SRS dose
22 Gy 71 (34.8%)
20 Gy 115 (56.3%)
16/18 Gy 18 (8.9%)
GTV (cm3)
Mean (SD) 0.65 (0.40)
Median (range) 0.40 (0.07-3.8)
Mean total GTV (SD) 3.9 (1.93)
Median total GTV (range) 3.8 (1.4-9.9)
PTV (cm3)
Mean (SD) 0.89 (0.42)
Median 0.68 (0.18-6.1)
Mean total PTV 6.6 (2.5)
Median total PTV 6.5 (2.6-13.2)
Distance from isocenter
Median (range) 39 (0.6-77)
Mean (SD) 38.6 (7.5)
Conformity index
Median (range) 1.32 (1.1-1.6)
Mean (SD) 1.3 (0.05)
Gradient index
Median (range) 3.94 (2.78-5.60)
Mean (SD) 3.8 (0.27)
D95 (Gy)
Mean (SD) 21.1 (0.34)
Median (range) 20.8 (17.6-24.1)
V95 (%)
Mean (SD) 99.5 (0.3)
Median (range) 99.0 (92.4-100)

Abbreviations: GTVZ gross tumor volume; PTVZ planning target
volume; SD Z standard deviation; SRS Z stereotactic radiosurgery.
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X-Ray 6-dimensional (6D) image guided radiation ther-
apy system (version 5.5). Patient setup was automatically
obtained by correlating the position of the planning CT
isocenter with the position of the infrared markers located
on the cranial reference array using the 3-dimensional
coordinates generated by the frameless stereotactic
localizer during CT simulation. Then, positioning accu-
racy was achieved by matching radiograph images with
reference digitally reconstructed radiographies generated
from the simulation CT data set. After applying the
translational and rotational shifts, a second set of radio-
graph verification images was taken to confirm the ac-
curacy of the isocenter position. If the residual errors after
corrections resulted within a tolerance limit of 0.5 mm for
translational shifts and 0.5� for rotational shift, the treat-
ment was delivered without further correction. In addi-
tion, a kilo-voltage cone beam CT was acquired to assess
offline the accuracy of dose distribution in the target
volumes (see the following discussion). During the
treatment, stereoscopic radiograph imaging was repeated
at different times to verify and correct the isocenter
position.

SRS accuracy and data analysis

The accuracy of target geometry and dosimetry was
evaluated using Velocity AI software (version 3.0.2,
Varian Medical Systems), where the cone beam CT was
fused offline to the planning CT. After applying the re-
sidual isocenter translations and rotations, the V95 (the
volume of the PTV covered by 95% of the prescription
dose) and the D95 (the prescription dose that covers 95%
of the PTV) were assessed for each target. The V95 data
were categorized at levels above and below 95%. Time-
to-event analyses were estimated using the Kaplan-Meier
method from the date of SRS. The log rank test and Cox
regression model were used to assess the effects of clin-
ical/treatment variables on outcomes at univariate anal-
ysis. The 3-dimensional displacement, determined as the
square root of the sum of the squares of the displacements
in all 3 directions, was calculated. The Fisher exact test
was performed for comparison of results between 2
groups or variables. The Spearmen’s rank test was used
for test of correlation. Statistical significance was
considered at P values of <.05. A standard software was
used for statistical analysis (XLSTAT software).

Results

Patient characteristics

Thirty-one patients (15 men and 16 women) with a
total of 204 BM who underwent SIMT DCA SRS be-
tween October 2016 and September 2018 were analyzed.
Patient and tumor characteristics are listed in Table 1. The
median age at the time of SRS was 60 years (range, 39-
78). Twenty patients were treated for 4 to 7 and 11 pa-
tients for 8 to 10 BM. The median GTV was 0.40 cm3 and
the median PTV was 0.68 cm3. Median conformity index
(volume covered by reference dose/PTV) and gradient
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index (volume irradiated by 50%/volume irradiated by
100% of the prescribed dose) were 1.3 and 3.9, respec-
tively. With a median distance of 39 mm from the plan-
ning isocenter for all patients, mean V95 and D95 were
99.5% and 21.1 Gy, respectively. Individual treatment
and dosimetric characteristics are summarized in Table
E1. Systemic therapy, immunotherapy (n Z 4), or mo-
lecular targeted agents (n Z 5) were given at the time of
SRS in 9 patients. Data were reported to September 2019.
At this time, 13 (42%) patients are alive.
Clinical outcomes and toxicity

With a median clinical follow-up of 11 months (range,
4-26 months), the 1-year and 2-year local control rates
were 89% and 77%, respectively. A local failure of at
least 1 of the treated BM occurred in 4 (13%) patients at a
median time of 10 months. Seventy-six (37.3%) lesions
had a complete response, 68 (33.3%) had a partial
response, 49 (24%) remained stable, and 11 (5.4%)
recurred. For all lesions, the estimated 1-year and 2-year
local control rates were 94% and 86%, respectively. The
median survival time was 16.1 months; the 1-year and 2-
year survival rates were 68% and 40%; the median distant
brain failure time and 1-year rates were 8 months and
38%. In cases showing brain progression, salvage WBRT
was performed in 3 patients and further SRS in 15 pa-
tients. Controlled extracranial disease (P Z .027) and
concomitant systemic therapy (P Z .033) were signifi-
cantly correlated with longer survival; cumulative intra-
cranial tumor volume and the Karnofsky performance
status (KPS) were of borderline significance (PZ .07 and
P Z .09). No factors were associated with local and
distant brain failure; however, combining systemic treat-
ment and SRS showed a trend throughout of better distant
brain control (P Z .07).

At a median time of 2 months after the treatment, a
clinical improvement was recorded in 6 out of 8 patients
with pre-SRS neurologic symptoms. KPS scores
improved, remained stable, or worsened in 10, 14, and 2
patients, respectively. The treatment was well tolerated
with no grade 3 or 4 acute or long-term toxicities after
SRS. Radiologic changes suggestive of brain necrosis of
at least 1 lesion, as suggested by MR and positron
emission tomography-CT imaging, occurred in 5 (16.1%)
patients at a median time of 10 months after the treatment,
and were associated with grade 2 motor deficits in 2 pa-
tients. For all lesions, the estimated risk of radionecrosis
was 11% at 12 months; individual V12Gy > 10 cm3 was
significantly correlated with the risk (P Z .01). In
contrast, number of lesions, target volumes, cumulative
intracranial total volumes, and the total volume of normal
brain (brain volume minus cumulative GTVs) exposed to
doses of 8 to 16 Gy were not a predictor of radionecrosis.



Figure 2 Spearman correlation showing a significant correla-
tion between variation of V95 and size of lesion and distance
from isocenter.
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Geometric and dosimetric deviations of target
volumes

The mean residual translational and rotational shifts
of the treatment isocenter position after matching pre-
treatment radiograph verification images with the digi-
tally reconstructed radiographies are shown in Table 2.
The mean residual rotational errors were e0.13� for the
vertical rotation (pitch), 0.1� for the longitudinal rota-
tion (roll), and e0.08� for the lateral rotation (jaw). The
mean translational displacements were e0.09 mm in the
lateral (x) direction, 0.15 mm in the vertical (y) direc-
tion, and e0.18 mm in the longitudinal (z) direction.
The maximum translational and rotational residual er-
rors were 0.44 mm and 0.4� seen in the longitudinal
direction and z-axis, respectively. The mean 3-
dimensional residual error determined by the square
root of the sum of the squares of all translations was
0.34 mm (range, 0.1-0.53).

As a consequence of plan isocenter residual errors,
mean geometric deviations of PTV and GTV were 6.1%
and 12.6%, respectively. Nonoverlapping GTV and PTV
>10% were observed in 84 (41%) and 48 (23.5%) targets,
respectively. With a mean variation of V95 of 1.34% for
all targets, a significant loss of target coverage (V95 <
95%) occurred in 28 targets (12 patients), and this was
associated with a variation of D95 > 5% in 22 targets.
Factors associated with target coverage were the volume
of lesions and the distance from isocenter (Fig 2). With a
median distance of 39 mm from the plan isocenter, a loss
of target coverage was seen in 7 and 21 lesions located at
a distance of <39 mm and �39 mm, respectively (P Z
.0001). According to the target volumes, a loss of target
dose coverage was seen in 20 lesions with a target volume
<0.40 cm3 and 8 lesions with a target volume �0.40 cc
(P Z .015).

To define the optimal margin strategy for delivering
the prescribed dose during the treatment, we evaluated
the effect of different GTV-to-PTV margins for all
targets. A GTV-to-PTV margin of 1 mm, as used in
more than 85% of treated lesions, was able to ensure an
adequate dose coverage for all treated lesions; when no
additional margins were simulated, dose coverage
remained significantly compromised in 18 lesions.
Finally, we assessed the dosimetric effect of intra-
fraction target motion (Table 3). Based on ExacTrac
image registrations, 10 isocenter positionings in 7
(22%) patients were out of tolerance, requiring correc-
tions. For those, the maximum rotational and trans-
lational shifts were 0.8� and 0.7 mm, respectively,
leading to a significant loss of GTV dose coverage in
21 (28%) of 74 lesions. With a GTV-to-PTV margin of
1 mm, as applied in our study, an adequate GTV dose
coverage was maintained in all but 2 lesions.
Discussion

An essential prerequisite of the SIMT SRS technique is
that multiple-target positioning is performed with a high
degree of accuracy because small translational and rota-
tional setup errors of the planning isocenter may produce
significant loss of dose coverage of irradiated target vol-
umes.14-17 In our study, a significant loss of target
coverage occurred in 14% of irradiated lesions, with the
largest dosimetric changes seen for smaller volumes
located far away from the plan isocenter. Analysis of dose
variation showed that about 90% of the missing target
coverage, as defined by V95 < 95%, was observed in
lesions <0.4 cm3 that were located �3.9 cm distal to the
treatment plan isocenter; however, dose coverage was
maintained for all lesions after applying a GTV-to-PTV
margin of 1 mm. Overall, our study indicates that resid-
ual setup rotational and translational isocenter errors
during SIMT SRS have relatively little dosimetric effect,
and small PTV margins are sufficient to assure adequate
dose coverage of all lesions.



Table 3 Intrafraction translational and rotational shifts of treatment planning isocenter*

Timing x (lateral) y (vertical) z (longitudinal) 3D vector Pitch (x) Yaw (y) Roll (z)

First mid
treatment (<15')

e0.14 (0.29) 0.18 (0.22) e0.18 (0.28) 0.32 (0.38) e0.09 (0.28) 0 (0.25) 0.08 (0.33)

Second mid
treatment (15-30')

e0.13 (0.37) 0.22 (0.33) e0.21 (0.4) 0.41 (0.36) e0.14 (0.30) e0.05 (0.27) 0.1 (0.33)

Shifts out of tolerance
First mid treatment 3 of 31 (10%)
Second mid treatment 7 of 38 (18%)

Abbreviations: 3D Z 3-dimensional; SD Z standard deviation.
* Based on 69 ExacTrac verifications. Tolerance values were 0.5 mm for translations and 0.5� for rotations.
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The finding that a small GTV-to-PTV margin of 1 mm
may be applied during SIMT SRS without compromising
target dose coverage is of paramount importance in clin-
ical practice because larger GTV-to-PTV margins are
expected to increase the risk of radiation-induced brain
necrosis.21-23 Using V12Gy as a predictor of radio-
necrosis, Korytko et al21 observed a risk of 55.3% for
V12Gy > 10 cm3 versus 22.5% for V12Gy < 10 cm3 in
198 intracranial tumors receiving gamma knife SRS. A
significant correlation between V12Gy and the develop-
ment of radionecrosis has been reported in other studies,
showing a risk up to 69% for volumes larger than 10.8
cm3.22,23 A few examples of variations of target volumes
using different margin strategies are shown in Table 4.
For a spherical lesion of 1 cm (0.52 cm3), a margin
expansion of 1, 2, and 3 mm results in an increase of the
original volume of about 80%, 180%, and 330%,
respectively, causing an expansion of perilesional normal
brain irradiated at 8 to 16 Gy doses up to 4 to 6 times.
Considering the benefit of keeping the V12Gy lower than
5 to 10 cc to reduce the risk of brain necrosis, the use of 1-
mm margin may explain the relatively low risk of
symptomatic radionecrosis after SIMT SRS observed in
our study.

A further essential characteristic of SIMT SRS is that
accurate isocenter positioning is maintained during the
treatment to ensure precise dose delivery to all targets.
Analysis of intrafraction motion showed that isocenter
deviations out of tolerance requiring correction occurred
in about 15% of registrations, consistent with previous
studies.24-26 For these patients, the effect of uncorrected
Table 4 Simulation of target volume changes after applying diffe

Diameter of
spherical lesion

GTV-to-PTV
margin 0 mm

GTV-to-
margin 1

0.5 cm 0.07 cm3 0.18 cm3

1 cm 0.52 cm3 0.9 cm3

1.5 cm 1.76 cm3 2.57 cm3

2 cm 4.18 cm3 5.57 cm3

Abbreviations: GTV Z gross tumor volume; PTV Z planning tumor volum
rotational and translational shifts showed a significant loss
of GTV dose coverage in about 28% of lesions, indicating
that a continuous monitoring and correction of intra-
fraction motion is needed if small GTV-to-PTV margins
are applied. In this regard, a robust clinical implementa-
tion of quality assurance measures concerning imaging,
planning, and delivery to optimize the treatment is
required during SIMT SRS. For example, postcontrast
thin-slice (0.6-1 mm) gadolinium-enhanced T1-weighted
axial MRI sequences acquired no more than 1 week
from treatment and 6D intrafraction motion monitoring
systems, as used in the current study. Other strategies to
maximize treatment efficiency include distortion correc-
tion of MR imaging and the use of flattening filter photon
beams that ensure a lower peripheral dose and shorten the
treatment time.27

Together with the accuracy of target positioning, we
evaluated the quality of our automated treatment planning
software. Median conformity index and gradient index,
which are commonly used to describe SRS quality plan-
ning, were 1.32 and 3.94, respectively, consistent with
those reported in other published studies using either
DCA or VMAT techniques.8-13,28-30 In a comparative
study of SIMT DCA and VMAT SRS plans generated by
the commercially available automated planning software
Multiple Brain Metastases (Brainlab) and HyperArc
(Varian), respectively, Ruggeri et al29 observed compa-
rable high plan quality in 20 patients with 2 to 10 BM,
although the conformity index was slightly better for
VMAT plans. In another study comparing SIMT DCA to
VMAT SRS plans in 30 patients with 4 to 10 BM, Liu
rent GTV-to PTV margins

PTV
mm

GTV-to-PTV
margin 2 mm

GTV-to-PTV
margin 3 mm

0.38 cm3 0.7 cm3

1.43 cm3 2.21 cm3

3.59 cm3 4.85 cm3

7.23 cm3 9.2 cm3

e.
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et al30 showed that the VMAT technique resulted in better
conformity and V12Gy-8Gy volumes; in contrast, other
studies suggest that DCA plans perform better than
VMAT in terms of healthy brain sparing and treatment
efficiency.13,28 Although such indexes remain of interest
to assess the dosimetric quality of treatment plans, the
correlation between planning quality and clinical out-
comes remains to be clarified,31 and the superiority of one
technique over another in terms of plan quality metrics is
unsustained.

Because the ultimate validity of a procedure is measured
in terms of clinical results, we have examined local control
as significant outcome for assessing the accuracy of treat-
ment delivery. Local control of 89% at 1 year is consistent
with published results of single-target SRS3-5 and single-
isocenter SRS32,33 in patients with up to 10 BM, confirm-
ing that SIMT SRS is a convenient treatment option that
offers high local control and significant reduction of treat-
ment delivery time compared with other techniques.34 The
treatment was safe, with no grade 3 or 4 neurologic toxicity.
For all lesions, the estimated risk of radionecrosis was 11%
at 12 months, which is consistent with that reported by
others.4,5,22,23,32,33 KPS scores improved or remained sta-
ble in the majority of patients with stable disease during the
follow-up, without clinically evident neurocognitive
impairment. Although our clinical findings are of some
reassurance about the safety of SIMT SRS in patients with
cumulative tumor volumes of less than 15 cm3, prospective
studies with formal neuropsychological testing are needed
to elucidate the effect of different factors on neurocognitive
outcome, including number of lesions, total tumor volume,
and radiation doses to normal brain volume and
hippocampi.

In conclusion, our clinical experience indicates that
SIMT DCA SRS offers high local control with an
acceptable rate of toxicity in patients with multiple BM,
representing a convenient approach associated with
significantly reduced treatment time compared with
single-target SRS techniques. With setup and intrafraction
positioning and correction based on the ExacTrac X-Ray
6D imaging system, the effect of residual translational and
rotational errors on GTV coverage is modest. The use of
GTV-to-PTV margins and monitoring and correction of
intrafraction motion are recommended in clinical practice
to avoid significant loss in target coverage.

Supplementary data

Supplementary material for this article can be found at
https://doi.org/10.1016/j.adro.2020.06.008.
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